Rising atmospheric CO 2 concentrations is expected to stimulate photosynthesis and carbohydrate production, while inhibiting photorespiration. By contrast, nitrogen (N) concentrations in leaves generally tend to decline under elevated CO 2 (eCO 2 ), which may reduce the magnitude of photosynthetic enhancement. We tested two hypotheses as to why leaf N is reduced under eCO 2 : (a) A "dilution effect" caused by increased concentration of leaf carbohydrates; and (b) inhibited nitrate assimilation caused by reduced supply of reductant from photorespiration under eCO 2 . This second hypothesis is fully tested in the field for the first time here, using tall trees of a mature Eucalyptus forest exposed to Free-Air CO 2 Enrichment (EucFACE) for five years. Fully expanded young and mature leaves were both measured for net photosynthesis, photorespiration, total leaf N, nitrate (NO − 3 ) concentrations, carbohydrates and NO − 3 reductase activity to test these hypotheses. Foliar N concentrations declined by 8% under eCO 2 in new leaves, while the NO − 3 fraction and total carbohydrate concentrations remained unchanged by CO 2 treatment for either new or mature leaves. Photorespiration decreased 31% under eCO 2 supplying less reductant, and in situ NO − 3 reductase activity was concurrently reduced (−34%) in eCO 2 , especially in new leaves during summer periods. Hence, NO − 3 assimilation was inhibited in leaves of E. tereticornis and the evidence did not support a significant dilution effect as a contributor to the observed reductions in leaf N concentration. This finding suggests that the reduction of NO − 3 reductase activity due to lower photorespiration in eCO 2 can contribute to understanding how eCO 2 -induced photosynthetic enhancement may be lower than previously expected. We suggest that large-scale vegetation models simulating effects of eCO 2 on N biogeochemistry include both mechanisms, especially where NO − 3 is major N source to the dominant vegetation and where leaf flushing and emergence occur in temperatures that promote high photorespiration rates.
can be magnified if supply and assimilation of N in plant canopies are reduced under eCO 2 (Ainsworth & Rogers, 2007; BassiriRad, Griffin, Reynolds, & Strain, 1997; Ellsworth et al., 2004; Feng et al., 2015; Taub & Wang, 2008) . Several mechanisms explaining these N reductions have been suggested (Bloom, 2015a; Feng et al., 2015; Taub & Wang, 2008) . One possible mechanism is a "dilution effect" associated with increased carbohydrate concentrations or increased leaf mass per area (LMA) under eCO 2 , either of which could increase the C:N ratio of the leaves Feng et al., 2015; Finzi et al., 2006; Luo et al., 2004; Poorter et al., 1997; Stitt & Krapp, 1999; Taub & Wang, 2008) .
However, a recent review summarizing plant responses to eCO 2 across FACE sites suggested that N supply rather than the dilution effect contributed to decreased foliar N concentrations (Feng et al., 2015; Finzi et al., 2002; Norby et al., 2010) leaving it unclear which mechanism is most important for explaining reduced leaf N concentrations in eCO 2 .
A second recently hypothesized mechanism to explain reduced leaf N concentrations under eCO 2 is the suppression of photorespiration driving less availability of reductant (nicotinamide adenine dinucleotide hydride, NADH), to reduce nitrate (NO ) and then to ammonium (NH + 4 ) for the incorporation into organic N forms such as amino acids (Bloom, 2015a) subject to the downstream availability of ATP in the chemical pathway (Walker, Strand, Kramer, & Cousins, 2014) . Photorespiration provides a crucial supply of the reductant through the initiation of malate export from chloroplasts to cytoplasm, where malate supports NADH generation (Bloom, 2015a) .
Less reductant due to suppressed photorespiration under eCO 2 can reduce the activity of NO − 3 reductase catalysing the reduction of NO − 3 to NO − 2 (see Rachmilevitch, Cousins, and Bloom (2004) , Bloom (2015a) , Bloom (2015b) ). Hence, less NO − 3 assimilated in leaves can cause reductions in foliar N concentrations under eCO 2 (Ainsworth & Long, 2005; Feng et al., 2015; Taub & Wang, 2008) . Thus, NO − 3 reductase activity is critical in determining how much inorganic N a canopy can assimilate into proteins to maintain photosynthetic activity (Dovis et al., 2014; Nicodemus, Salifu, & Jacobs, 2008) .
The activity of NO − 3 reductase can directly or indirectly be affected by similar factors to those regulating photosynthetic activity (i.e. light, temperature, substrate concentrations and CO 2 concentrations; Andrews, Raven, & Lea, 2013; Dier et al., 2018; Dovis et al., 2014; Lillo, Meyer, Lea, Provan, & Oltedal, 2004; Rachmilevitch et al., 2004) , as well as a dependence on leaf age (Dovis et al., 2014; Koyama et al., 2008; Rachmilevitch et al., 2004) . The eCO 2 inhibition of NO − 3 assimilation hypothesis presented by Bloom, Burger, Asensio, and Cousins (2010) , Bloom, Burger, Kimball, and Pinter (2014) could explain why leaf N concentrations decrease under eCO 2 , potentially reducing photosynthetic capacity and hence the amount of possible eCO 2 -induced enhancement. The few studies addressing photorespiration and NO − 3 assimilation in leaves have been conducted using crop species and with the addition of fertilizers (Bloom et al., 2012 (Bloom et al., , 2010 (Bloom et al., , 2014 Rachmilevitch et al., 2004) or tree seedlings (Bauer & Berntson, 2001; Bloom et al., 2012) under controlled conditions. Virtually, no direct studies of the full hypothesized mechanism of Bloom et al. (2010) have been conducted in the field. The two previous field studies that were conducted either were indirect and inferential (Bloom et al., 2014) or did not simultaneously evaluate photorespiration with the activity of NO − 3 reductase (Dier et al., 2018) , so the chain of events leading to reductions in N remains unquantified. Hence, questions remain about the applicability of the NO − 3 reductase mechanism in eCO 2 in mature trees and its role in the observed decreases in leaf N concentrations.
Here we evaluated both hypotheses, the dilution effect and the eCO 2 inhibition of NO − 3 assimilation (Bloom et al., 2010) at the Eucalyptus Free-Air CO 2 Enrichment (EucFACE) field experiment using mature evergreen broadleaved E. tereticornis trees. Studies conducted on large trees growing in their native ecosystems provide valuable information regarding tree responses to expected atmospheric conditions, particularly how N assimilation may change under eCO 2 . We hypothesized that (a) dilution of leaf N by nonstructural carbohydrates can explain the decrease in leaf N concentrations under eCO 2 ; (b) foliar NO − 3 assimilation and N concentrations will be reduced in eCO 2 due to insufficient supply of reductant resulting from the suppression of photorespiration under eCO 2 ; and (c) NO − 3 assimilation and foliar N concentrations are the highest in newly developed leaves.
Previous studies conducted at EucFACE found that N mineralization and soil NO − 3 availability increased under eCO 2 (Hasegawa, Macdonald, & Power, 2016) , while a small, nonsignificant decrease in foliar N concentrations occurred in E. tereticornis trees (Gherlenda et al., 2016) . Our study evaluates a larger, 5 year dataset for the same trees to test for a leaf N response to eCO 2 , evaluating the role of NO − 3 reductase activity and leaf age in this phenomenon. If foliar N concentrations would be reduced in eCO 2 , then our objective was to establish the underpinning mechanisms and consider the generality of reduced NO − 3 assimilation as an explanation for reduced leaf N concentrations under eCO 2 (Bloom et al., 2014; Feng et al., 2015; Taub & Wang, 2008; Yin, 2002) . This is important as NO − 3 assimilation is not considered by major global vegetation models involving ecosystem N fluxes (Zaehle et al., 2015) .
| MATERIAL S AND ME THODS

| Site description and experimental design
The experiment was conducted at the Eucalyptus Free-Air CO 2 Enrichment (EucFACE) facility in Cumberland Plain woodland in western Sydney, Australia (elevation 23 m, 33°37′S, 150°44′E; see Gimeno et al. (2016) 2012 and between mid-2014 and mid-2017 Gimeno, McVicar, O'Grady, Tissue, & Ellsworth, 2018; Pathare et al., 2017) . The soil is a nutrient-poor loamy sand (Aeric yellow podosol) and phosphorus-limited, with foliar nutrition described in Crous, Ósvaldsson, and Ellsworth (2015) .
The EucFACE facility includes six 25 m diameter circular plots, each with a frame extending to 28 m height, 3-5 m above the forest canopy. The frame was built from vertical fibreglass pipes precision-perforated with CO 2 release points. The CO 2 released inside the plots was controlled through the computer-based system using proportional-integral-differential type of algorithm (Lewin, Nagy, Robert Nettles, Cooley, & Rogers, 2009 ) depending on wind direction and speed to meet a target 150 μmol/mol CO 2 concentration above ambient . The vegetation was exposed to ambient CO 2 concentration (~400 µmol/mol, hereafter referred to as "aCO 2 ") in three of the circular plots, and in the remaining three plots, CO 2 concentration was increased (aCO 2 + 150 μmol/mol, hereafter referred to as "eCO 2 "). In each plot, the same three to four (co-)dominant E. tereticornis trees were used for repeated measurements of net CO 2 assimilation rate and sample collection throughout the study period. Field campaigns were conducted generally in the following months:
February, May and October, as described in Ellsworth et al. (2017) . This manuscript focuses mostly on the last four campaigns (February 2017 -February 2018 with regard to NO − 3 reductase activity measurements and estimation of photorespiration, but it also contains data for leaf N concentration and leaf mass per unit area (LMA) collected for the full 5 year period of eCO 2 exposure (February 2013 -February 2018 .
| Sample collection and chemical analyses
Fully expanded leaves were used for chemical and biochemical analyses. In most cases, the dominant cohort of upper canopy leaves was collected in each campaign, except during the austral summer when both leaf age classes were present during the exchange of canopy leaves (Duursma et al., 2016) . Data were collected from young but fully expanded leaves if available (denoted "new"; <90 days since flushing) and from the cohort of mature leaves (denoted "old"; >90 days since flushing). Leaf age was estimated using leaf litter fall data in Duursma et al. (2016) 2 ). Overall, the leaf N dataset analysed in this study comprised of 497 upper canopy leaf samples from 18 trees and 14 campaigns (with subsamples), which included the previous seven campaigns from the same trees that were analysed in Gherlenda et al. (2016) .
Leaf NO − 3 concentration was determined following Cataldo, Maroon, Schrader, and Youngs (2008) and read at 410 nm using 96 well plates (Greiner Bio-One, Kremsmünster, Austria) and a microplate reader (CLARIOstar, BMG LABTECH, Ortenberg, Germany).
The concentration of TNSC was determined on freeze-dried samples collected in 2013 and 2017 according to the Ebell (1969) method for soluble sugars, and total starch was measured using an α-amylase assay kit (Megazyme International Ireland Ltd., Wicklow, Ireland) (Quentin et al., 2015) . Total nonstructural carbohydrate-free LMA (TNSC-free LMA; g/m 2 ) was calculated according to Niinemets (1997) .
| Net CO 2 assimilation and photorespiration rates
Net CO 2 assimilation rates of E. tereticornis trees from leaves sampled through the third year of eCO 2 exposure (2015) have been published in Ellsworth et al. (2017) , but here, we present the subsequent 12 months of data, specifically targeted to analyse the NO (Ellsworth, Crous, Lambers, & Cooke, 2015) .
Measurements at 2% O 2 were done to decrease photorespiration as described in Ellsworth et al. (2015) , and these data were then used to verify the calculations for photorespiration (see next section and Supporting Information Figure S1 ).
| Estimating the rate of photorespiratory CO 2 flux
For the purpose of estimating the rate of photorespiration (P R ), we used theory from Farquhar, Caemmerer, and Berry (1980) and Sharkey (1988) combined with parameters for A net measured at 21%
O 2 concentration. The model described by Farquhar et al. (1980) includes competition between two processes, carboxylation (v c ) and oxygenation (v o ) reactions, which are catalysed by the same enzyme (Rubisco), and determined A net as:
where R d indicates the rate of mitochondrial respiration in the light (in the absence of photorespiration) and 0.5 accounts for the amount of CO 2 released for every mole of oxygenation (Farquhar et al. 1980; von Caemmerer, 2000) . The ratio of oxygenation to carboxylation ( ) at the site of carboxylation/oxygenation was calculated for each
A net measurement at either aCO 2 or eCO 2 and 21% O 2 concentration according to the equation in Sharkey (1988) :
Here, C c is chloroplastic CO 2 concentration, and Γ * is the CO 2 compensation point where CO 2 released from photorespiration equals CO 2 assimilated during photosynthesis in the absence of day respiration. Chloroplastic CO 2 concentration (C c ) represents the actual CO 2 concentration at the site of Rubisco carboxylation, calculated as:
where C i represents intercellular CO 2 concentration and g m denotes mesophyll conductance to account for liquid-phase resistance between the intercellular spaces and the actual site of Rubisco (g m = 0.3 mol m −2 s −1 was used after Crous et al. (2013) ). The oxygenation rate (v o ) was then calculated using the equation from Sharkey (1988) and Walker, VanLoocke, Bernacchi, and Ort (2016) that combined the two above equations:
Then, photorespiration rate was calculated by dividing v o by two to account for one molecule of CO 2 released for every two oxygenations (Sharkey, 1988) . In this calculation, any re-fixation of photorespired CO 2 is ignored. Γ * at 21% O 2 was assumed 3.89 Pa (Crous et al., 2013) , and Γ * was corrected to a leaf temperature of 25°C using the Arrhenius function according to Crous et al. (2013) :
with Γ * 25 referring to value of Γ * at 25 ºC, E a as the activation energy (20,437 J/mol), R as the universal gas constant (8.314 J mol
and T leaf as leaf temperature (°C).
| NO 3 − reductase activity
Nitrate reductase activity (NRA; µmol NO 2 − g −1 hr −1 ) was determined on young and mature fully expanded leaves using in vivo method according to Nicodemus et al. (2008) with some modifications. The in vivo method measures in situ NO − 3 reductase activity using NADH present in the leaf section which reflects current photosynthetic activity (Dovis et al., 2014; Nicholas, Harper, & Hageman, 1976) . During this reaction, nitrate supplied in the buffer solution is converted to nitrite by nitrate reductase from the intact leaf disc. Enzyme activity was measured on three consecutive days in a pair of plots (one aCO 2 and one eCO 2 per day) for five campaigns between February 2017 and February 2018.
Three leaves from the upper canopy in four subsample trees in each treatment plot were sampled between 9:00 a.m. and 11:00 a.m. on sunny days (whole-plot N = 4). Two leaf discs (~30-50 mg fresh tissue) per leaf were placed in a 2 ml Eppendorf tube containing 1 ml of buffer (100 mM Phosphate buffer (pH 7.5), 40 mM KNO − 3 , 1.2% isopropanol and milliq H 2 O). Then, samples were incubated in the dark for 1 hr at 24°C. Dark incubation ensures that NO − 3 is converted to NO 2 − without further reduction into NH + 4 , which requires light. After incubation, the enzymatic reaction was terminated by transferring the buffer into another tube. The fresh weight of the leaf discs was measured and used to express the enzymatic activity on fresh weight basis. The buffer containing the partially digested sample allowing membrane permeability
(1)
was centrifuged at room temperature for 5 min at 21,130 g, and a subsample (80 µl) was transferred in duplicates into 96 well plates (Greiner Bio-One, Kremsmunster, Austria). The buffer containing sample was mixed with 1% sulphanilamide dissolved in HCl (60 µl) and 0.02% N-(1-naphthyl)-ethylenediamine (60 µl) and was incubated in the dark for 30 min at room temperature. NRA was determined by recording absorbance at 540 nm using CLARIOstar microplate reader (BMG LABTECH, Ortenberg, Germany) and calculated using NaNO 2 as standard curve (0-50 µM). Enzyme activity was measured via the amount of NO 2 − formed in each sample.
The same procedure was carried out for determination of NRA in roots compared to leaves of a single tree. Ten root samples were collected (<2 mm diameter, white or light brown) and rinsed three times with water and dried before placing them in the buffer.
| Statistical analysis
Statistical analyses were performed in R (version 3.4.3; R Foundation for Statistical Computing, Vienna, Austria). The sample size in this study was N = 3 replicates, associated with the number of replicate treatment plots at EucFACE site with two or three within-tree and three or four independent tree subsamples averaged per plot prior to analyses. This was reflected in our mixed-model by nesting trees within plots as random factors. Net CO 2 assimilation rate new <90 days, old >90 days) was used as a continuous variable, with treatment (aCO 2 , eCO 2 ) and year as factors. 
| RE SULTS
| Foliar N concentration and LMA
Our aim was to determine whether foliar N concentration declined in response to CO 2 treatment in E. tereticornis and how leaf age affected this response. The concentration of foliar N expressed on a mass basis (N M ) at the top of the canopy of E. tereticornis was on average 16.1 ± 0.1 mg/g (mean ± SE) across campaigns and leaf ages, and overall, it was not significantly lower in eCO 2 than aCO 2 (about ~3.5% lower). N M was usually the highest when new leaves reached (Figures 1a and 2a) . Leaf N M was not reduced by eCO 2 in old leaves (−2% eCO 2 effect, p = 0.40) compared to their new counterparts (−11% eCO 2 effect, p < 0.05) for the three sampling times when both leaf age classes co-occurred.
Given the age-related reductions in N M shown in Figure 1a , a significant positive relationship between N M and leaf age was found for E. tereticornis in aCO 2 (R 2 = 0.46, p < 0.01; Figure 2a ), but not for eCO 2 -grown trees (p = 0.25; Figure 2a ). Upon reaching full expansion, new leaves of aCO 2 trees had generally higher N M than trees exposed to eCO 2 which led to larger difference in N M between CO 2 treatments for this age class (Figure 2a) . However, the difference between aCO 2 and eCO 2 diminished as leaves aged, and N M was comparable for both CO 2 treatments in the oldest leaves ( Figure 2a ).
This was reflected in a significant CO 2 × Age interaction for N M (F = 7.29, p < 0.01; Figure 1a and Table 1 carbohydrates contributed to the reduction of N M in E. tereticornis when exposed to eCO 2 .
| Total nonstructural carbohydrates and TNSCfree LMA
To investigate the dilution hypothesis, we determined whether the concentration of total nonstructural carbohydrates (TNSC) and structural carbohydrates was reflected in TNSC-free LMA in response to eCO 2 .
This dataset consisted of the first leaf cohort in 2013 and new leaves from the last cohort in 2017, and we used CO 2 treatment as a factor in the mixed-model repeated-measures analysis of variance. On average, trees from eCO 2 had higher TNSC (+ 9%) and TNSC-free LMA (+ 5%) across all four campaigns compared with aCO 2 , but according to the mixed-model, this eCO 2 effect was not statistically significant (TNSC: F = 3.16, p = 0.15; Figure 4a and TNSC-free LMA: F = 1.00, p = 0.37; Figure 4b ). Similar to LMA and N A measured in the first leaf cohort, trees from eCO 2 had a comparable magnitude of increase in TNSC-free LMA in 2013 (+ 9%-13%; Figure 4b ). In addition, the concentrations of TNSC and the TNSC-free LMA values were on average 22% and 17% higher in old versus new leaves, respectively.
| Foliar NO 3 -concentration
To test the eCO 2 inhibition of NO Table 2 ). Similar to leaf N, leaf NO − 3 concentrations significantly decreased depending on leaf age (F = 30.97, p < 0.001; Table 2 ). Leaf NO − 3 concentration was 28% lower in new than old leaves across all campaigns (Table S1 ). There were also significant effects of year on NO − 3 (F = 47.69, p < 0.001) ( Table 2) .
| Photorespiration and net CO 2 assimilation rates
As photorespiration (P R ) supplies reductant for the first step of NO (Bloom et al., 2010 ). While we expected CO 2 treatment to inhibit photorespiration rates in E. tereticornis trees, we also examined whether leaf age contributed to this effect. As predicted, eCO 2 caused a statistically significant decrease of P R in E. tereticornis (F = 17.98, p < 0.05; Table 3 ), which on average was 31% lower in eCO 2 than in aCO 2 trees (Figure 5a ). Leaf age did not have a significant effect on P R in E. tereticornis (p = 0.75), but there was a significant CO 2 x Age interaction (F = 5.65, p < 0.05; Table 3 ). New leaves in a given cohort in aCO 2 trees had generally higher P R (+ 47%) than in eCO 2 . The eCO 2 effects on P R were less significant, and the rates were more comparable between CO 2 treatments in old leaves (−19% eCO 2 effect; Figure 5a ). Thus, new leaves had the largest eCO 2 -related suppression of P R in February 2018 (−59%, p < 0.01) and February 2017 (−36%, p < 0.05) with lower rates of suppression in May 2017 (−28%, p < 0.01) and October 2017 (−14%, p < 0.1) when old leaves were present (Figure 5a ).
Net CO 2 assimilation rates (A net ) were significantly stimulated in E. tereticornis trees in the previous years . In the 5th year of the study, eCO 2 continued to significantly increase A net in the upper canopy of E. tereticornis (F = 9.9, p < 0.05; Table 3), here on average by +22% (Figure 5b ). Generally, photorespiration was a large fraction of A net in the summer when our sampling temperatures were 32°C or more (Figure 5c ). Photorespiration as a fraction of A net was significantly reduced in E. tereticornis trees at eCO 2 (F = 40.59, p < 0.01; Figure 5c and Table 3 ) when temperature was increased.
| NO 3 -reductase activity
Because NO − 3 assimilation can take place in belowground organs as well as leaves, we first tested where the majority of NO − 3 reductase activity (NRA) was localized. We measured NRA in the roots of an E. tereticornis tree from aCO 2 treatment where we could clearly trace roots back to this tree. The tree showed 71% higher NRA in the leaves (0.7 ± 0.1 µmol NO 2 − g −1 hr −1 ) than in roots (0.2 ± 0.0 µmol
We thus proceeded to analyse leaf NRA as the major source of N in the canopy, also considering the logistic difficulties associated with accessing live roots in our longterm experiment.
To further examine the eCO 2 inhibition of NO − 3 assimilation hypothesis (Bloom et al., 2010) , we measured the activity of NO − 3 reductase indicative of plant capacity to assimilate NO − 3 into organic N forms. The magnitude of suppression of P R by eCO 2 in Figure 5a and Table 3 determined whether NO − 3 assimilation was affected by CO 2 treatment, as well as the extent to which leaf age and/or temperature had an effect on NRA. Since N concentration decreased with leaf age (Figure 2a) , we evaluated whether NRA would be reduced in ageing leaves. The activity of NO − 3 reductase declined by 35% as leaves aged (F = 3.96, p < 0.05; Figure 6a and Table 3 Similar to P R , NRA showed a strong and significant reduction in response to eCO 2 (−34%, F = 12.92, p < 0.05; Figure 6a and Table 3 ), especially in new leaves (−45%). We also found a significant and positive relationship between NRA and P R in E. tereticornis (R 2 = 0.56, p < 0.05; Figure S3 ). In the fifth year of the experiment, NRA de- 
| D ISCUSS I ON
We found an 8% reduction in foliar N concentrations for recently produced (new) leaves exposed to five years of eCO 2 in a Eucalyptusdominated woodland. We investigated two hypotheses to examine mechanisms contributing to this reduction, the dilution effect and the eCO 2 inhibition of NO − 3 assimilation hypothesis (Bloom et al., 2010) . These hypotheses were not always examined simultaneously in the field in relation to N decline under eCO 2 . We did not find significant differences in nonstructural carbohydrates between CO 2 treatments or in the accumulation of structural material shown by higher LMA in eCO 2 (Figure 3) . Thus, we attributed the mechanism of the eCO 2 -induced leaf N decline principally to a reduction of NO − 3 assimilation in leaves due to suppression of photorespiration resulting in decreased amounts of reductant required to assimilate NO − 3 into the leaf, as described by the hypothesis of Bloom et al. (2010) .
We recognize a limitation of this in vivo assay is that it only measures the first step of NO Also, while the growth and productivity of this woodland was not explicitly N-limited Ellsworth et al., 2017) , our observations of reduced foliar N concentrations in eCO 2 are consistent with most other eCO 2 experiments (Ainsworth & Rogers, 2007; Ellsworth et al., 2004; Feng et al., 2015) , but in our study, this effect was accentuated in new leaves (Figure 1) . We found significant reductions in foliar N concentrations in young, fully expanded leaves emerging during the summer (Figures 1 and 2) . There was no evidence of a eCO 2 effect on leaf initiation (Duursma et al., 2016) , so although leaf expansion rates could have been affected by eCO 2 , we interpret the observed difference in new leaf N M as attributable to NO − 3 reductase activity. This is the most comprehensive test of the Bloom et al. (2010) hypothesis in the field to date, and the only one tested in a native ecosystem. Thus, it has important implications for the response to eCO 2 for unmanaged ecosystems and particularly nutrient-limited ones.
| Dilution effect
The dilution of N concentration resulting from accumulation of nonstructural and structural carbohydrates under eCO 2 is the most commonly suggested mechanism behind lower foliar N concentrations (Norby, Wullschleger, Gunderson, Johnson, & Ceulemans, 1999; Taub & Wang, 2008) . This mechanism was suggested to describe reduced N concentrations in eCO 2 in several plant species grown in the field at FACE sites Finzi et al., 2006) and could also be applicable for mature E. tereticornis trees at EucFACE. The evidence here was that nonstructural carbohydrates did not significantly accumulate in eCO 2 (Figure 4a ), but structural carbohydrates tended to increase (Figures 1b and 3) . Accounting for LMA did diminish the CO 2 -related differences in N A compared with N M in new leaves (8% reduction due to eCO 2 for N M compared to 1% for N A ; Figure 1 ) but the differences in LMA due to eCO 2 were not significant. The lack of an eCO 2 effect on N A suggested that N M was diluted within plant tissues in eCO 2 due to accumulation of structural carbon rather than nonstructural carbohydrates (Norby et al., 1999; Taub & Wang, 2008) . This was especially evident in the first leaf cohort developed under eCO 2 treatment as it had the largest CO 2 -related differences in LMA (11%) and N A (7%) (Figures 1b and 3) . The early response to eCO 2 was not sustained in the long-term since the other leaf cohorts showed smaller CO 2 -related dilution by structural carbon (difference between the treatments <2%; Figures 1b   and 3 ) compared to cohort in 2013. However, the dilution effect TA B L E 3 Repeated-measures analysis of variance of CO 2 treatment (CO 2 ), leaf age (Age) and year (Year) effects and its interactions for photorespiration rate (P R ), net CO 2 assimilation rate (A net ), P R as a percentage of A net and NO could not explain the reduction in foliar N M in eCO 2 since N A was still lower in eCO 2 for new leaves in three of five cohorts.
Therefore, we also considered another mechanism contributing to the N reduction in new leaves in eCO 2 (Bloom et al., 2010; Feng et al., 2015) .
| Reduced NO 3 -assimilation in eCO 2
In addition to available reductant, NO assimilation may also determine the rate and location of the assimilation (Andrews et al., 2013) . In our study, NO − 3 was the major N source in the soil at EucFACE (Hasegawa et al., 2016) , indicated by high N mineralization rates which increased NO − 3 availability. High NO − 3 availability was also demonstrated via higher NO − 3 absorption as opposed to NH + 4 onto ion resin membranes (Hasegawa et al., 2016) . Hence, E. tereticornis trees had access to soil NO − 3 as their main N source. Moreover, E. tereticornis leaves had 71% greater NO − 3 reductase activity than roots, indicative of high NO − 3 availability in the soil (Nicodemus et al., 2008) . Root NO − 3 assimilation was probably close to saturated, and thus, more NO − 3 was translocated to the leaves (Andrews et al., 2013; Nicodemus et al., 2008) . Lastly, foliar NO − 3 concentrations were not affected by eCO 2 ( Table 2 ), suggesting that trees from both treatments had access to the same amount of substrate for NO assimilation is supplied as NADH from photorespiration via a malate shuttle (Bloom, 2015a; Rachmilevitch et al., 2004) , and thus, this process is a key mechanism to examine. Photorespiration rates are usually inhibited under eCO 2 , while net CO 2 assimilation is enhanced (Ainsworth & Long, 2005) . In the fifth year of CO 2 enrichment, photosynthetic CO 2 assimilation continued to be stimulated in E. tereticornis trees (+ 22%), while photorespiration was 31% lower in eCO 2 than aCO 2 (Figure 5a ) using modelling based on A-C i response curves conducted at low O 2 , a unique facet of our study (see Figure S1 ). This strongly implied that reductant for NO − 3 assimilation was also lower in eCO 2 (Bloom, 2015a; Rachmilevitch et al., 2004) , which was demonstrated in our study via inhibited NO assimilation (Bloom, 2015a; Bloom et al., 2010; Rachmilevitch et al., 2004) . The same effect on NO − 3 assimilation was not observed in older leaves in eCO 2 (Figures 1, 2 and 6 ), which showed some dilution by leaf structure.
| Effect of leaf age
New leaves generally had greater N concentrations than older leaves, suggesting that they assimilated more NO − 3 to satisfy their high N demands to develop the photosynthetic apparatus and to support enhanced growth at the beginning of the leaf lifespan (Dovis et al., 2014; Hikosaka, 2005; Koyama et al., 2008; Niinemets, 2016; Rachmilevitch et al., 2004) . In our study, new leaves of E. tereticornis trees in aCO 2 assimilated more NO − 3 than old leaves (Table 3) (Hikosaka, 2005; Koyama et al., 2008) . Gherlenda et al. (2016) had not previously found this eCO 2 -leaf N effect because there were limited data available from recently produced leaves in that dataset (one date out of the first seven sampling dates in Figure 1 ) and because of the limited time period of that study.
The time of year when new leaf cohorts emerged coincided with summer and thus high air temperatures which stimulated photorespiration rates in E. tereticornis trees (Walker et al., 2016) , creating better conditions for high activity of NO − 3 reductase enzyme than at cooler temperatures. With enhanced photorespiration rates in the summer, more reductant for NO − 3 assimilation was supplied to aCO 2 -grown new leaves (Bloom, 2015a; Lillo, 2008) . This was reflected in high N M concentrations in young leaves, with newly developed leaves initiating a N pool for each new cohort. In turn, lower air temperatures in autumn and winter ( Figure S4 ) would lead to lower photorespiration rates (Walker et al., 2016) and smaller differences in NO − 3 assimilation between aCO 2 and eCO 2 treatments. To conclude, we found small but statistically significant reductions in leaf N concentrations in eCO 2 in young leaves of native mature trees of E. tereticornis in the field and we examined the mechanisms behind these eCO 2 -induced reductions of foliar N M concentrations. This study is the first full field test of the eCO 2 inhibition of NO − 3 assimilation hypothesis (Bloom et al., 2010) 
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